We investigate the masses of cscs tetraquark states in a diquark-antidiquark picture employing the relativized quark model proposed by Godfrey and Isgur. Only the antitriplet diquark states in color space are calculated. The diquark masses are obtained with the relativized potential firstly, and then the diquark and antidiquark are treated as the usual antiquark and quark, respectively, and the masses of the tetraquark states are obtained by solving the Schrödinger equation with the relativized potential between the diquark and antidiquark. The theoretical uncertainties induced by screening effects are also taken into account. It is found that the resonance of X(4140) can be regarded as the cscs tetraquark ground states, and the X(4700) can be assigned as the 2S excited tetraquark state. When the internal excited diquarks are taken into account, the resonance of X(4500) can be explained as the tetraquark composed of one 2S scalar diquark and one scalar antidiquark. In our approach, the X(4274) cannot be explained as a tetraquark state, however, it can be a good candidate of the conventional χ c1 (3 3 P 1 ) state. In addition, other charmonium-like states χ c0 (3915), X(4350), X(4630) and X(4660), as the cscs tetraquark states, are also discussed.
I. INTRODUCTION
Very recently, the LHCb Collaboration has performed the first full amplitude analysis of B + → J/ψφK + process with pp collision data collected at √ s = 7 and 8 TeV [1, 2] . Besides the confirmation of the two resonances X(4140) and X(4274) in the J/ψφ invariant mass, two new structures X(4500) and X(4700) are also observed at the same time. The spin parities are 1 ++ for the X(4140) and X(4274), and 0 ++ for the X(4500) and X(4700). The measured masses and total decay widths are 
It should be mentioned that the X(4140) was first reported by the CDF Collaboration in the J/ψφ invariant mass distribution of the B + → J/ψφK + decay in 2009 [3] , and then this structure was observed by several collaborations in the next few years [4] [5] [6] [7] [8] [9] [10] . In 2011, the CDF Collaboration found the evidence of the X(4274) with approximate significance of 3.1σ [5] . The related peaks of J/ψφ mass structures around 4.3 GeV were also reported by LHCb, CMS, D0 and BaBar Collaborations [6] [7] [8] [9] , which may be the same state as the X(4274). It should be noted that the Belle Collaboration measured a narrow J/ψφ peak of X(4350) in the double photon * Electronic address: lvqifang@ihep.ac.cn † Electronic address: dongyb@ihep.ac.cn collisions [11] , which indicates the X(4350) should have the spin parity J PC = 0 ++ or 2 ++ and be a different structure from the X(4274).
Various theoretical studies on the resonances of X(4140)
and X(4274), such as the molecular states [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] , compact or diquark-antidiquark states [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] , cusp effects [41, 42] , dynamically generated resonances [43, 44] , conventional charmonium [45] , and hybrid charmonium states [13, 14] , have been performed in the literature. Given the J PC = 1 ++ for the both states, many molecular and hybrid charmonium interpretations with other quantum numbers can be ruled out [12] [13] [14] [16] [17] [18] [19] . It should be noticed that the cusp effects may explain the structure of the X(4140), but fail to account for the X(4274) [42] . Moreover, the compact tetraquark model, implemented by Stancu, can describe the X(4140) and X(4274) simultaneously [30] , while only one J PC = 1 ++ state exists in the color triplet diquark-antidiquark picture in this energy region [32, 36, 40] . A comprehensive overview about the X(4140) and X(4274) can be found in Ref. [46] .
After the new observations of the LHCb Collaboration, several theoretical works have been proposed. By using the QCD sum rule, the X(4140) and X(4274) were interpreted as the S -wave ccss tetraquark states with opposite color structures, and the X(4500) and X(4700) as the D-wave ccss tetraquark states also with opposite color structures [47] . In Refs. [48, 49] , the X(4500) is assigned as the first radial excited axial-vector diqaurk and axial-vector-antidiquark type tetraquark, the X(4700) was assigned as the tetraquark ground state with a vector-diquark and a vector-antidiquark, and the X(4140) is disfavored as a ccss tetraquark state. The possible re-scattering effects in the B + → J/ψφK + are also investigated, which shows that those effects may simulate the structures of the X(4140) and X(4700), but hardly explain the X(4272) and X(4500) [50] . Based on the spin-spin interaction, Maiani et al., suggest that the X(4500) and X(4700) are the 2S cscs tetraquark state, the X(4140) is the ground state, and the X(4274) may have quantum number 0 ++ or 2 ++ [51] . More-over, a detailed calculation is performed by Zhu [52] where the X(4140) and X(4274) may be described simultaneously by adding the up and down quark components. Other studies related with these resonances are also discussed [53] [54] [55] . It should be stressed that all those interpretations do not agree with each other, and most of them are obtained with the QCD sum rule and the quark model with only spin-spin interactions. Hence, it is essential to study the four resonance structures, especially the X(4500) and X(4700), in a realistic potential model for a comparison.
In this work, we employ the relativized quark model proposed by Godfrey and Isgur (GI model) to calculate the masses of cs diquark and cscs tetraquark states. It should be mentioned that this model has been widely used to calculate the masses of the conventional mesons and baryons [56] [57] [58] [59] [60] [61] . The obtained wave functions are also employed to estimate their strong decay widths, radiations, decay constants, and leptonic decays [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] . It is believed that this model can give a unified description of the low lying mesons and baryons, and therefore, it is suitable to deal with the cscs tetraquark states, where both heavy-light and heavy-heavy systems are included. To calculate the tetraquark masses, we restrict present calculations in the diquark-antidiquark picture with color triplet following the route proposed by Ebert, Faustov, and Galkin [75] [76] [77] [78] [79] [80] . First of all, the corresponding diquark and antidiquark masses are estimated with this relativized potential. Then, they are treated as the usual point-like antiquark and quark, respectively. The masses of tetraquark states are, therefore, obtained by solving the Schrödinger-type equation between diquark and antidiquark. This method has been used to discuss the X(5568) observed by D0 Collaboration in our previous work [81] [82] [83] , and should be appropriate to investigate the abundant charmonium-like states. Moreover, the color screening effects of the confinement are also considered here. We find that the X(4140) can be assigned as the ground tetraquark state, and the X(4500) and X(4700) are the good candidates of the excited tetraquarks. There is no room left for the X(4274) in the color triplet diquarkantidiquark picture, however, the mass and total decay width of the X(4274) are consistent with the conventional χ c1 (3 3 P 1 ) in the relativized quark model. This paper is organized as follows. The relativized quark model and the screening potential of confinement are briefly introduced, and the masses of cs diquarks are calculated in Sec. II. In Sec. III, the masses of cscs tetraquark states and P wave charmonium are numerically estimated, and discussions are also presented. Finally, we give a short summary of our study in the last section.
II. RELATIVIZED QUARK MODEL AND MASSES OF cs DIQUARKS
The Hamiltonian between the quark and antiquark in the relativized quark model can be expressed as
with
where theH are the color contact term, the color tensor interaction, and the spin-orbit term, respectively. TheH represents that the operator H has taken account of the relativistic effects via the relativized procedure. The explicit forms of those interactions and the details of the relativization procedure can be found in Appendix A of Ref. [56] .
Since the GI model is a typical quenched quark model, the coupled channel effects or the screening effects have been ignored. Those effects may influence on the excited mass spectrum of mesons, for example the leptonic decay rates of charmonium [84, 85] and the lower mass puzzle of D * s0 (2317) and D s1 (2460) [67] . The unquenched properties are reflected by replacing the linear confinement to the screening potential, that is, the br → b(1 − e −µr )/µ, where the b denotes the string tension and the µ is the screen parameter [67, 68] . The modified formalism with a new screening parameter gives a better description of the charmed and charmed-strange meson spectra. Besides the ground cscs tetraquark states, the excited ones are also needed to describe the newly observed resonances. Here, we stress that when one deals with the cs diquarks and cscs tetraquarks, the screening effects should also be considered for completeness.
In present work, only the antitriplet diquark [3 c ] cs are considered. It should be noticed that the [6 c ] cs type diquarks can not be formed in the GI quark model, since the confinement becomes repulsive in this case. For the quark-quark interaction in the antitriplet diquark system, the relation of V cs (p, r) =Ṽ cs (p, r)/2 is employed. The model parameters employed in our calculations are the same as the ones in the original work [56] . The screening parameter µ varies from 0 to 0.04 GeV, where the µ → 0 case is equivalent to the linear confinement br, and the µ = 0.02 GeV case can improve the description of the charmed-strange spectrum significantly [67, 68] .
Conventionally, the diquarks are classified into two groups: the ground states locating in 1S wave and the ones with internal excitations. For the diquarks lying in the ground states, the spin-parities are J P = 0 + and J P = 1 + , named as scalar diquark and axial-vector one, respectively. For the diquarks with internal excitations, we only consider the 1P, 2S and 1D waves in this work, and restrict the total angular momentum J = 0 or 1. With the spectrum notation, the excited diquarks can be respectively denoted as 1 1 P 1 , 1 3 P 0 , 1 3 P 1 , 2 1 S 0 , 2 3 S 1 , and 1 3 D 1 . Here, we use the Gaussian expansion method to solve the Hamiltonian (5) withṼ cs (p, r) potential [86] . The obtained masses of the cs diquarks are presented in Table. I. It can be seen that the diquark masses decreases with the screening effects considered. While the µ varies from 0 to 0.02 GeV, the diquark masses change about 10 MeV for ground states, and 20 ∼ 35 MeV for the excited states. Since the µ = 0.02 GeV case can give a better description of the cs meson spectra [67] , we prefer to adopt the diquark masses at this value to calculate the tetraquark states, and present the µ → 0 and 0.04 GeV cases as the theoretical uncertainties. 
III. MASSES OF cscs TETRAQUARK STATES AND P WAVE CHARMONIUM

A. Tetraquarks composed of S and A diquarks
In this work, a diquark is treated as a point-like antitriple state or we assume the distance between diquark and antidiquark is large enough [79, [87] [88] [89] [90] [91] [92] [93] . Therefore, we restrict our calculations of low lying tetraquark states within the
, and nd(Ld) are the radial (orbital) quantum numbers of the relative motion, the diquark, and the antidiquark, respectively.
First of all, we calculate the tetraquark ground states composed of the S and A type diquarks, where the l d = ld = 0. Their mass spectra are listed in Tab. II. The 1S and 2S wave tetraquark states are also presented in Fig. 1 , where the central values are taken at µ = 0.02 GeV and the theoretical uncertainties are shown by the shaded bands. The theoretical errors induced by the screen effects are about 20 ∼ 30 MeV. It can be seen that the lowest state is the J P = 0 + AĀ type diquarkantidiquark configuration rather than the SS type. This order of mass spectrum is different from the results of Refs. [76, 77] , in which the J P = 0 + SS type is the lowest one. We know that there exist fine splitting for the AĀ states via the spin-spin interaction. The coefficients is -2, -1, and 2 for the 0 + , 1 + , and 2
+ AĀ states respectively, if the spin-spin interaction is treated perturbatively. Although the mass of A type diquark is higher than that of S type, the larger fine splitting caused by the spin-spin interaction can suppress J P = 0 + AĀ state to be the lowest one. The lowest mass of the 0 ++ state is 3962 MeV, which is consistent with the χ c0 (3915). Hence, it is possible to assign the χ c0 (3915) as the lightest cscs state, which has been proposed in Ref. [40] . The other obvious feature of our results is that the mass gap between the 1S 0 ++ doublet is larger, while the gap between the 2S states is extremely small and the theoretical errors overlap with each other. In the charmed mesons and charmonium sector, the splitting between the 2S states is much smaller than the 1S doublet [94] as well as the predicted charmedstrange meson spectrum [56, 67] . Since the spin-spin splitting is smaller for the 2S states, the lowest 2S AĀ with coefficient -2 becomes higher and close to the 2S SS state. Their predicted masses are 4703 and 4733 MeV, which are in good agreement with the X(4700). The obtained two 2S 0 ++ states are too close to distinguish by the masses and more information about X(4700) are needed. In Ref. [51] , the X(4500) and X(4700) are attributed to the 2S doublet. However, the 200 MeV mass gap prohibits the X(4500) and X(4700) as the same doublet, and only the X(4700) is favored as the 2S states in the present work.
From Fig. 1 , it can be seen that the X(4140) is a good candidate of the lowest 1 ++ state. The predicted mass of the lowest 1 ++ state is 4195 MeV, which is the same value as that obtained in compact tetraquark picture by Stancu [30] . In the compact tetraquark scenario, there also exist a higher 1 ++ state, which may be assigned as the X(4274) [30] . By considering the [6 c ] cs type diquarks, the diquark and antidiquark picture can also give the good description of the X(4274) [47] . However, as emphasized in Sec. II, the [ [51] . If so, the X(4274) seems to be the candidate of the 1S 2 ++ state with 4302 MeV in the present work. In addition, the obtained masses of the 1P tetraquark states are above 4.5 GeV. The four 1 −− states are all around 4.6 GeV, which may correspond to the X(4630) and X(4660). The 1D tetraquarks are above 4.9 MeV, which are much higher than A diquarks and antidiquarks in 1S , 1P, 2S , and 1D waves. In the AS case, the linear combinations together with SĀ are understood to form the eigenstates of charge conjugation [40] . The unit is in MeV. the energy region we are concerning. To sum up, by considering the tetraquarks composed of S and A diquarks, we assign the X(4140) as the 1S 1 ++ cscs tetraquark state and the X(4700) as the 2S 0 ++ cscs tetraquark state within SS or AĀ type. There is no room left for the X(4274) and X(4500) in our calculation.
B. Tetraquarks composed of internal excited diquarks
Besides the S and A type diquarks, the internal excited diquarks have also been considered to account for the newly observed structures [47, 48] . We adopt the diquark masses listed in Tab I to calculate the 0 ++ and 1 ++ tetraquark states. The results are presented in Tab. III.
For the 0 ++ tetraquark states, there are several combinations around 4.5 GeV, such as one 2S diquark and oneS type antidiquark, and one P wave excited diquark and one P wave antidiquark. In Ref. [47] , the X(4500) is explained as one D wave diquark and one S wave antidiquark. In our present calculation, the central value of one D wave diquark and one S wave antidiquark case is 4410 MeV, which seems to be smaller than the experimental data. We, therefore, prefer to interpret the X(4500) as the tetraquark state composed of one 
C. P wave charmonium
According to the Particle Data Group [94] , the four 1P charmonium states and χ c2 (2P) have been well established. The assignment of the χ c0 (3915) is in debet. The χ c1 (2 3 P 1 ) state is related with the nature of the mysterious X(3872), which can hardly be solved in the near future. The mass spectrum and strong decay behavior of the 3P states are also investigated in the Refs. [63, 64] . Here, we present the mass spectrum of P charmonium up to 5 GeV in Fig. 2 .
The predicted mass of the χ c1 (3 3 P 1 ) state is 4261 MeV, in good agreement with the X(4274). With the quark pair creation model, the total decay width of the χ c1 (3 3 P 1 ) is 39 MeV [63] , which is consistent with the experimental width 56 ± 11 state corresponds to the X(4140), and the charmonium stands for the X(4274). More arguments can be found in Ref. [50] , where the X(4274) is suggested as the χ c1 (3 3 P 1 ) state. We notice that the X(4500) and X(4700) also lie in the energy regions of the χ c0 (4 3 P 0 ) and χ c0 (5 3 P 0 ). The screening effects are small for the low lying charmonium, while the uncertainties become much larger for the 4P and 5P states. These uncertainties of mass spectra prohibit us to give a reliable conclusion on the χ c0 (4 3 P 0 ) and χ c0 (5 3 P 0 ) states. Other information, such as the strong and radiative decay behaviors of these higher charmonium, are needed. Moreover, under the factorization ansatz, the 1 ++ charmonium can be produced more easily than the 0 ++ charmonium in the B + → K + +X process [50] , which indicates the 1 ++ X(4274) is suitable for the conventional charmonium, but the 0 ++ X(4500) and X(4700) not.
IV. SUMMARY
In this work, we investigate the masses of cscs tetraquark states in the diquark-antidiquark picture using the relativized quark model proposed by Godfrey and Isgur. The diquark and antidiquark masses are obtained with the relativized potential firstly, and then the diquark and antidiquark are treated as the usual point-like antiquark and quark, respectively. Here, only the antitriplet diquark [3 c ] cs is considered. The masses of tetraquark states are obtained by solving the Schrödinger-type equation between diquark and antidiquark. The color screening effects are also added in the present work.
It is found that the resonance X(4140) can be regarded as the AS type tetraquark state, and the X(4700) can be assigned as the the 2S AĀ or SS state. When the internal excited diquarks are considered, the X(4500) can be explained as the tetraquark composed of one 2S scalar diquark and one scalar antidiquark. The X(4274) as the tetraquark state is not favored, however, it could be a good candidate of the conventional χ c1 (3 3 P 1 ) state. Other charmonium-like states χ c0 (3915), X(4350), X(4630) and X(4660) are also discussed in this work. We expect our assignments can be tested by future experiments.
